Measurement of elongational rheology of polymer melts using semi-hyperbolically convergent dies by Patil, Parag
University of Tennessee, Knoxville 
TRACE: Tennessee Research and Creative 
Exchange 
Doctoral Dissertations Graduate School 
12-2002 
Measurement of elongational rheology of polymer melts using 
semi-hyperbolically convergent dies 
Parag Patil 
University of Tennessee 
Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss 
Recommended Citation 
Patil, Parag, "Measurement of elongational rheology of polymer melts using semi-hyperbolically 
convergent dies. " PhD diss., University of Tennessee, 2002. 
https://trace.tennessee.edu/utk_graddiss/6282 
This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee 
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact 
trace@utk.edu. 
To the Graduate Council: 
I am submitting herewith a dissertation written by Parag Patil entitled "Measurement of 
elongational rheology of polymer melts using semi-hyperbolically convergent dies." I have 
examined the final electronic copy of this dissertation for form and content and recommend 
that it be accepted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, with a major in Chemical Engineering. 
John R. Collier, Major Professor 
We have read this dissertation and recommend its acceptance: 
Accepted for the Council: 
Carolyn R. Hodges 
Vice Provost and Dean of the Graduate School 
(Original signatures are on file with official student records.) 
To the Graduate Council: 
I am submitting herewith a dissertation written by Parag Dilip Patil entitled 
"Measurement of Elongational Rheology of Polymer Melts using Semi-Hyperbolically 
Convergent Dies." I have examined the final paper copy of this dissertation for form 
and content and recommend that it be accepted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, with a major in Chemical 
Engineering. 
We have read this dissertation 
and recommend its acceptance: 
~ /1/ /Yl,¢<{/u},y) 
Accepted for the Council:w 
Vice Provost and Dea · 
Studies 

MEASUREMENT OF ELONGATIONAL RHEOLOGY OF 
POLYMER MELTS USING SEMI-HYPERBOLICALLY CONVERGENT DIES 
A Dissertation 
Presented For The 
Doctor of Philosophy 
Degree 
The University of Tennessee, Knoxville 




This dissertation is dedicated to my parents 
Nisha Patil and Dilip Patil 
and my wife Nisha 




I thank my research advisor, Dr. John Collier for his guidance and 
encouragement throughout this research work. I immensely enjoyed working for him 
and learnt a lot about research and life in general. He has been truly inspiring. I 
express my gratitude towards the members of my defense committee, Dr. Billie 
Collier, Dr. Simioan Petrovan, and Dr. Brian Edwards for providing invaluable 
suggestions and guidance in my work. 
I also wish to thank Measurement and Control Engineering Center (MCEC) 
at the University of Tennessee for providing the financial support to this project. I 
would like to thank various people who have provided timely help in my work 
namely, Frank and Randy from the purchasing department; Doug, Larry, and Dan 
from the mechanical shop; and Mike from the electronics department. I thank all my 
friends for their support and affection. 
I express my deepest gratitude towards my parents and my sister for their 
love, care, and encouragement throughout my life. Finally, I thank my wife for being 
with me in all the difficult times. This work would not have been possible without 




A number of polymer processing operations, e.g. fiber spmnmg, film 
blowing, injection molding, and extrusion through converging channels involve a 
substantial amount of elongational flow. Knowledge of elongational rheology of 
polymeric materials used in these operations is essential for the understanding and 
control of these operations. In this research, elongational rheology of polymer melts 
is measured by a new technique using semi-hyperbolically convergent dies and a 
capillary rheometer. The viscosity obtained using this technique is an apparent or 
effective elongational viscosity rather than true elongational viscosity, and it is 
related to the orientability or resistance to orientation development of polymer melts 
and solutions. 
In this work, five samples of low density polyethylene (LDPE), five samples 
of high density polyethylene (HDPE), fourteen samples of blended nylon-66, and 
eleven samples of solid-state polymerized nylon-66 are characterized at processing 
temperatures and strain rates using the mentioned technique. The effect of molecular 
parameters such as molecular weight, molecular weight distribution, end-group 
concentrations, and degree of solid-state polymerization on the elongational rheology 
of these samples is studied. A quantitative analysis of the effect of processing 
conditions such as temperature and Hencky strain on the elongational rheology is 
presented. It is shown that the effective elongational viscosities of these samples at 
different temperatures and Hencky strains can be shifted to a general master curve at 
Vil 
a reference temperature and Hencky strain. Such a study would be useful m the 
modeling and control of the polymer processing operations mentioned above. 
Vlll 
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§1.1 RHEOLOGY: SHEAR AND ELONGATION 
Rheology is the science of deformation and flow of materials under the 
influence of external stresses. There are two primary modes of flow observed in 
polymer processing operations, namely shear flow and elongational flow. In shear 
flow, two fluid particles located on the same streamline do not move apart during the 
flow. Instead, material particles on different streamlines are dislocated relative to 
each other. This implies that the acting force is perpendicular to the normal of the 
plane on which the force acts (1). On the other hand, in pure elongational flow the 
deformation of a material occurs along the streamline, i.e. two fluid particles located 
on the same axis are forced to move further apart. This requires the acting force to be 
parallel to the normal of the plane on which the force acts. Figure 1. 1 illustrates the 
difference between the shear deformation and the elongational deformation. 
Elongational flow is the dominant mode of fluid flow when a rapid change of 
shape such as stretching is involved in the operation. The subject of elongational 
flow (also called extensional flow) received scant attention until the mid 1960s. Up 




a) Shear deformation 
I--◄ - L ------.j 
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b) Elongational deformation 
Figure 1.1 Comparison of shear and elongational deformation. 
2 
the last forty years due to the realization of importance of elongational flows in 
polymer processing operations. Typical examples of processes involving 
elongational flow are fiber spinning, film stretching, extrusion through converging 
profiles, and injection molding (2). The flow characteristics of such a process cannot 
be predicted on the basis of shear viscosity alone. The polymer engineer therefore, 
must have knowledge of the elongational viscosity of the processing material, and its 
variation with the strain rate. Another feature of elongational flow is that non-
Newtonian fluids often exhibit dramatically different behavior from Newtonian 
fluids. Accordingly, interest in the subject has mushroomed and much effort is now 
expended in trying to measure the elongational viscosity of non-Newtonian fluids. 
Figure 1.2 shows three different types of elongational flow fields that 
typically occur in polymer processing operations, viz. uniaxial, biaxial, and planar. 
In this work, attention is focused on the uniaxial elongational flow of polymer melts. 
The velocity field for this flow is given as (2) 
(1.1) 
where t is a constant elongational strain rate, and Vx, Vy, and V: are the velocity 
components in x, y, and z directions, respectively. The corresponding stress 
distribution can be written in the form 
rxx - r.r)' = r.n - r::: = i:TJ, (t ), 










where Tu represents the i/h component of the stress tensor ! and 'f/e is the (uniaxial) 
elongational viscosity. In general, it is a function of the elongational strain rate, t, 
just as the shear viscosity, 'f/s, is a function of the shear rate, y. A fluid for which 'f/e 
increases with increasing t is said to be 'tension-thickening'; whereas, if 'f/e 
decreases with increasing t, it is said to be 'tension-thinning'. Experimentally, it is 
often not possible to reach the steady state implied in equation (1.1). Under these 
circumstances, it is convenient to define a transient elongational viscosity 1le (t,t ), 
which is clearly a function oft as well as t. Continuum mechanics is able to provide 
some useful insights to the elongational viscosity behavior of non-Newtonian liquids. 
For example, the following relation between elongational and shear viscosity holds 
for viscous fluids and in the lower strain/shear rate limit for viscoelastic fluids (3,4) 
(1.3) 
It should be noted that this relationship is valid for all values of t and y in the case 
of Newtonian liquids, a result obtained by Trouton (5) as early as 1906. Accordingly, 
rheologists have introduced the concept of the 'Trouton ratio' TR defined as 
TR= 1le(t) 
11,(r) 
Elastic liquids are noted for having high Trouton ratios. 
5 
(1.4) 
§1.2 MOTIVATION FOR THE PRESENTED WORK 
When polymer melts are subjected to processing operations such as fiber 
spinning, extrusion through converging nozzles, film stretching, bottle blowing, and 
injection molding, the material experiences enormous stresses which force the 
macromolecular matrix to gain considerable orientation; i.e., the molecular chains 
align in a more orderly close-packed fashion. This event has significant effects on 
the melt flow behavior and can be measured in terms of an elongational viscosity and 
the changes in entropy and enthalpy. The orientation development also determines 
the final product's mechanical and bulk properties such as resistance to stresses, 
toughness and the degree of crystallinity. Knowledge of a polymeric material's 
elongational melt flow behavior in the form of said measurable parameters is useful 
information in terms of selecting an adequate polymer grade for a particular 
application when requiring specific product properties. Moreover, the ability to 
assess qualitatively the forces that result in an orientation developing flow profile 
opens the possibility for on-line process control with fast process parameter 
adjustments and material property selection. 
There are a number of polymer classes and grades with different material 
properties, commercially available to plastics processing clients. The uniqueness of a 
polymer is most frequently measured and expressed in terms of molecular weight, 
molecular weight distribution, degree of side chain branching, and the degree of 
crystallinity. How these characteristics are brought about depends on operating 
parameters and conditions during the polymerization and subsequent processes. It is 
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expected that the material properties will affect the elongational melt flow behavior. 
Hence, such molecular characteristics should be related to the previously mentioned 
measurable elongational flow variables. 
Several different types of elongational rheometers exist today for obtaining 
the mentioned elongational flow variables; mainly the elongational viscosity of 
polymer melts. Chapter 2 reviews the mode of operation, advantages, and limitations 
of some of the existing elongational rheometers. As will be discussed in Chapter 2, 
most of the existing elongational rheometers measure the elongational viscosity of 
polymers just below their melting point when they are in a partially crystalline state. 
In addition, the measurements in most of the existing rheometers are done at 
elongational strain rates at least an order of magnitude lower than the processing 
strain rates. Previous research in this group (6-8) has shown that an essentially purely 
elongational flow of polymer melts can be generated using semi-hyperbolically 
convergent dies in a capillary rheometer. A technique was developed (8,9) to 
measure the elongational viscosity of polymer melts and solutions at processing 
strain rates and temperatures. In this research, elongational viscosities of 
polyethylene and nylon-66 samples having different molecular characteristics are 
measured at different processing conditions. The objective is to study the effect of 
both molecular characteristics and processing conditions on the elongational 





§2.1 TECHNIQUES TO MEASURE ELONGATIONAL RHEOLOGY 
It is far more difficult to measure elongational viscosity of polymer melts 
than shear viscosity. The basic problem is not one of exposing a sample to a uniaxial 
elongational flow, but rather of maintaining it for a sufficient time for the stress or 
the strain rate to reach a steady state, thus enabling the measurement of steady state 
elongational viscosity (10,11). Different existing methods to measure the 
elongational viscosity of polymer melts can be mainly classified as homogeneous 
stretching methods, constant stress devices, contraction (converging) flow devices, 
and spinning techniques. The following is an informative review discussing the 
mode of operation, advantages, and limitations of each of these techniques. 
§2.1.1 Homogeneous Stretching Method 
The basic concept of the homogeneous stretching method is shown in 
Figure 2.1 (2). In this method, the polymer sample is held between a stationary block 
and a movable block. In order to attain a constant elongational strain rate in the 
sample, the velocity of the movable block must be increased exponentially with time, 
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Figure 2.1 Schematic of the homogeneous stretching method to generate an 
elongational flow. 
which can be shown as follows. Let 10 be the initial length of the polymer sample and 
l be the length at time t. The elongational strain rate, t, is given as the time 
derivative of E, the strain imposed on the polymer sample, i.e., 
. de dln(l/10 ) 
E = - = ----'----'--
dt dt 
(2.1) 
For t to be constant, E = 1n(l/l0 ) has to be equal to at, where a is the constant 
elongational strain rate. This is possible only if l = 10 -exp(at), i.e. stretching the 
polymer sample at an exponentially increasing speed. In principle, this can be 
accomplished with the most recent electronic-control techniques, but the accelerating 
motion of the clamp places a severe constraint on the strain rates that can be attained, 
given the requirement that the motion must be sustained for a sufficient time for the 
stress to reach a steady state value. 
Meissner (12-14) did pioneering work in overcoming this problem. A 
schematic of the Meissner's apparatus is shown in Figure 2.2. In the Meissner's 
apparatus (12), constant stretching is provided by two sets of rotating toothed 
wheels. The test specimen (an extruded polymer rod of about 5.4 mm diameter) is 
molten and brought to test temperature in a bath of silicon oil. Swimming on this 
bath, the molten rod is clamped in two pairs of gears which are a constant distance 
apart and which rotate at an exponentially increasing speed thus deforming the 
specimen at a known constant elongational strain rate. The elongational stress is 
measured by the deflection of a spring, associated with one pair of rollers. From the 
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Figure 2.2 Schematic of the Meissner's apparatus. 
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knowledge of the elongational stress and the strain rate, the elongational viscosity 
can be calculated. Using this method, Meissner (15) was able to reach Hencky strain 
as high as seven for polymer melts, where Hencky strain is the natural logarithm of 
area reduction during the elongation. 
Meissner's apparatus was restricted to high-viscosity materials, as the sample 
has to be held in a horizontal position in an oil bath. In addition, the combination of 
force measurement and drawing (attachment of the force measuring device to one 
pair of the rollers) caused some experimental difficulties, which were overcome in 
the modified design of Laun and MUnstedt (16). Figure 2.3 shows the schematic of 
the apparatus designed by Laun and Mi.instedt in which the sample is stretched by 
only one pair of toothed wheels acting on one end of the rod. The other end of the 
specimen is glued to a metal sheet (M), which is fastened to a hook on a leaf spring 
(LS). According to the authors (16), this separation of the force measurement from 
the driving mechanism simplified the whole system and made possible the 
elongational viscosity measurement at strain rates smaller than 10-4 s- 1• 
Several other modifications (17-20) of the Meissner' s apparatus exist in the 
literature. The commercially available version of such a device is called 'Extensional 
Melt Rheometer' (RME), which is manufactured by Rheometric Scientific™. Using 
the Meissner type device, elongational viscosity measurements have been performed 
on high-density polyethylene (HOPE) (21-26), low-density polyethylene (LOPE) 
(12,16,24,25,27-36), linear low-density polyethylene (LLOPE) (28-30,34,36-40), 
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Figure 2.3 Schematic of the apparatus designed by Laun and Miinstedt. 
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polystyrene (43,45), polybutene-I (42), polymethylmethacrylate (PMMA) (45), 
liquid crystalline polymers (LCP) (21,46,47), and talc-thermoplastic compounds 
(48). 
§2.1.2 Constant Stress Devices 
The technique of a constant stress device to measure the elongational 
viscosity of polymer melt was first introduced by Cogswell (49) and was developed 
later by Mi.instedt (50). In this method, the specimen is stretched at a constant stress, 
which is brought about by adjusting the applied force as the sample elongates. 
Cogswell (49) achieved this using a cam to apply a programmed load, together with 
a convenient means of measuring the length of the sample as a function of time. 
Mi.instedt (51) designed an apparatus that can be operated at constant stretching rate, 
as well as at constant stress. He called it a "Universal Extensional Rheometer" for 
polymer melts. The schematic of this apparatus is shown in Figure 2.4. In this 
apparatus, the sample is vertically suspended in an oil bath, which was heated by 
another oil flowing through the hollow walls of the glass vessel. One end of the 
sample is fixed to a load cell located in the oil bath and its other end is fixed to a thin 
metal tape, which can be rolled up by a disk. The disk is mounted to the shaft of an 
extremely rapid DC motor. A displacement transducer serves as an indicator of the 
sample position. Its signals recorded as a function of time give a direct measurement 














Figure 2.4 Schematic of the Universal Extensional Rheometer designed by 
Miinstedt. 
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For experiments at constant stretching rate, the elongational strain rate is 
given as 
. de dln(l/10 ) 
E - - - ------'--'--
o - dt - dt ' 
(2.2) 
The sample length l(t) at any time t has to be regulated according to the equation 
t 
l (t) = £0 f ldt + 10 , (2.3) 
0 
where 10 is the initial length of the sample. Eq. (2.3) is fed to a stretching rate 
calculator, which calculates the command stretching rate (an exponentially 
increasing take up speed). The measured and the calculated position values are fed to 
a position control unit, which regulates the driving motor in such a way that the 
deviation between these two quantities is very small. The sample length l is also fed 





where Ao is the initial cross section area of the sample and F is the measured force. 
In the case of a constant stress experiment (a= ao), the sample has to be elongated 
according to the equation 
(2.5) 
The steady state elongational viscosity is given as 
(2.6) 
17 
Using the universal extensional rheometer (51), elongational rheology of LDPE 
(16,52-57), LLDPE (57-59), HDPE (53,54,56), polypropylene (52,56,57,60), and 
polystyrene (50-52,61) has been measured. 
§2.1.3 Converging Flows 
The homogeneous stretching method and the constant stress method are 
direct methods for the measurement of elongational viscosity of polymer melts. 
Cogswell (62) compared these two approaches and summarized their limitations. 
Any viscoelastic system takes time to reach dynamic equilibrium. It takes a longer 
time and a larger deformation to do so when subjected to constant strain rate than 
when the controlling feature is constant stress. Thus the constant stress system has an 
advantage if one is primarily concerned with the equilibrium state, whereas the 
constant strain rate approach will give more information about the transitional 
behavior. The main problem with the Meissner type device is the sagging of melt 
under its own weight which limits the application of this method to only polymer 
melts with high viscosities. Also, the sample has to be extremely homogeneous, as 
any small defect or weakness in the sample can cause a neck formation during 
stretching and thus significantly affect the test results. Using the constant stress 
approach, elongational flow measurements on crystalline polymers are carried out 
just below their melting points when they are readily deformable. The rheology of 
completely molten polymers, which can be quite different from that of partially 
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crystalline materials, cannot be measured due to the experimental limitations of this 
method. 
To overcome the difficulties and the limitations of the direct measurement 
methods, Cogswell (62) proposed an indirect method for the measurement of the 
elongational viscosity of polymer melts using converging flows. When a fluid flows 
from a reservoir into a die with a small diameter, the streamlines converge. Cogswell 
(63) proposed that such a flow field could be interpreted as an extensional 
deformation superposed onto a simple shear flow. According to Cogswell (62), the 
shearing component and the extensional component can be treated separately and 
added to give the total flow, and using capillary rheometry to study the simple shear 
component in isolation, we can use such flows as a way of measuring extensional 
rheology. Cogswell (62) derived equations for calculating the elongational viscosity 
of polymer melts as a function of the pressure at the die entrance, the steady state 
shear viscosity, and the shear rate. 
Binding and Walters (64) examined the same converging flow and developed 
a more rigorous analysis. The authors assumed that the flow field is the one of least 
resistance; it includes both shear and extension in its formulation. The result is a 
more comprehensive analysis that relates the entry pressure and the flow rate to the 
elongational flow properties for a converging flow field. Recently, James et al 
(65,66) developed an extensional rheometer based on the converging flow technique. 
This rheometer enables the measurement of elongational viscosity of polymer melts 
and dilute solutions of polymers at very high Reynolds number. However, its 
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shortcomings are that it cannot measure the elongational viscosity of Newtonian 
fluids, it requires large volume of test fluid, it operates only with custom-made 
pressure transducers, and its accuracy depends on the value of the second-normal 
stress difference, N2, a property that is difficult to measure or compute. 
§2.1.4 Spinning Techniques 
It is self-evident that fiber spinning involves a significant elongational flow 
component. At the same time, it is extremely difficult to interpret the data 
unambiguously in terms of the elongational viscosity defined in Eq. (1.2). The 
problem is that although the flow may be steady in a Eulerian sense (in that the 
velocity at a fixed distance down the threadline does not vary with time) it is unlikely 
to be steady in a Lagrangian sense (since the strain rate experienced by a given fluid 
element will generally change as it moves along the threadline). Also, a change of 
conditions in the spinneret can significantly affect the response along the threadline 
under some conditions. The fiber spinning experiment shown in Figure 2.5 is 
therefore a typical illustration of the dilemma facing rheologists who are interested in 
the elongational viscosity measurement. It is relatively easy to perform, the general 
kinematics can be determined with relative ease, and a suitable stress variable can be 
obtained from force measurement on the reservoir or the take-up device (67-69). 
However, a consistent quantitative interpretation of the experimental data in terms of 
the elongational viscosity is not possible. The spinning technique can be used for 
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Figure 2.5 Schematic of the spin-line rheometer. 
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An industrially popular version of a spinning technique to measure the 
elongational rheology of polymer melts is the so-called "Rheotens" test developed by 
Meissner (13). The popularity of the technique lies in its ability to probe a whole set 
of melt spinning conditions that closely resemble industrial fiber spinning operation. 
In a Rheotens experiment, uniaxial elongation of the polymer melt is performed 
under the action of a tensile drawdown force, and not at a prescribed elongation rate. 
The tensile force is plotted against the draw ratio to give Rheotens curves. Wagner et 
al (70-72) proved the existence of Rheotens master curves for LOPE and HOPE. 
These master curves are invariant with respect to changes in the melt temperature, 
the molecular weight of the polymer, the mass flow rate, the die length and the 
spinline length. A direct conversion of the tensile-force/drawdown-speed diagram 
into a relation between elongational viscosity and elongational strain rate is not 
possible. For this, a rheological model is needed. Based on the analysis by Bayer 
(73,74), Laun and Schuch (27), and later Wagner et al (75,76) calculated the 
elongational viscosities from the Rheotens measurements. The authors (27,75) 
compared their results with the steady-state elongational viscosities from 
elongational experiments performed at constant elongational rate and constant tensile 
stress, and with shear viscosities. Bemnat et al (76) showed that the elongational 
viscosity calculated in a Rheotens test depends strongly on the rheological prehistory 
of the melt in the extrusion die. 
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§2.1.5 Other Techniques 
Numerous other techniques have been suggested for studying the 
elongational behavior of polymeric liquids and solutions. These include the 
lubricated flow technique (68,77,78), the opposing-jet technique, (79-81) and the 
bubble collapse method (82,83). The use of lubrication eliminates the unwanted 
shearing induced by the rheometer walls, thus providing a flow close to the desired 
elongational flow. However, the interpretation of experimental data is complicated 
and the technique itself is far from easy to use (77,78). The opposing-jet technique is 
relatively new and is applicable for the measurement of elongational viscosities of 
low viscosity polymer melts and dilute solutions of polymer. 
Recently, a collaborative project (84) was undertaken to compare the 
elongational viscosity measurements of a standard fluid using different techniques all 
over the world. The test fluid was prepared at the Monash University in Australia 
(85) and hence was named Ml. It consisted of 0.244% polyisobutylene in a solution 
of 7% kerosene in polybutene. Sridhar (84) gathered and compared the results of all 
the participant researchers. Sridhar found that various fiber spinning techniques (86-
89) yielded data over a similar range (0.75-5 s- 1) of deformation rates and the 
measured stresses were within an order of magnitude of each other. Converging flow 
measurements (86,90) based on Cogswell's analysis (62) yielded a much wider range 
of data and also allowed much larger deformation rates. Converging flow channel 
rheometers by James et al (65,66) provided deformation at constant extension rates, 
but the viscosities measured were lower than those obtained using Cogswell's 
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analysis (86,90). The data on extensional viscosities from the opposing-jet 
rheometers (91,92) covered the range of 10-1000 Pa s. In general, different 
opposing-jet rheometers produced good agreement between each other but 
viscosities were much lower than those obtained using other techniques. 
It can be concluded from the above discussion that there are a number of 
techniques available to characterize the elongational flow behavior of both polymer 
melts and solutions. Each technique has its advantages and shortcomings and there is 
no clear winner. In the work presented here, elongational rheology of polymer melts 
is measured using a new technique involving flow through a semi-hyperbolically 
convergent die. The theoretical background and the experimental details of this 
technique will be discussed in Chapter 3 and Chapter 4 respectively. In the next two 
sections, elongational rheology of polyethylene and nylon will be reviewed. These 
are the materials studied in the presented work. 
§2.2 ELONGATIONAL RHEOLOGY OF POLYETHYLENE 
The majority of the research in the field of elongational rheology has been 
done on polyethylene. Polyethylene is used in processes such as film blowing, blow 
molding, and to a lesser extent, fiber spinning. Each of these processes involve 
significant amount of elongational flow. In one of the earliest attempts to measure 
the elongational viscosity of polymer melts, Meissner (12) observed that the stress-
strain curves of a low-density polyethylene melt at 150°C at low strain rates showed 
an increase of stress up to a limiting value, which corresponded to the Trouton 
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elongational viscosity (three times the zero shear viscosity). At higher strain rates no 
limiting value of the stress was obtained but the stress-strain relation had an S-
shaped curve similar to the tensile behavior of a rubber-like material. This increase 
of elongational stress with increasing total strain is called "strain hardening". It is 
well known that conventional LDPEs show significant strain hardening at high strain 
rates (19,25,29,30,32,34,52,55-57,93), which is mainly attributed to the presence of 
long chain branches in LDPE (19,32,36-38,52). 
Strain hardening is of considerable significance m processes like film 
blowing as the polymer melt offers more resistance to stretching with increasing 
degree of stretching, which results in more uniform thickness of the film produced 
(57). Koopmans (36) compared the performance of a linear PE with three branched 
PE resins in the film blowing process. He found that the linear PE, which did not 
show strain hardening was the most difficult to process requiring high power 
consumption, high head pressure, and relatively low screw rpm at which the bubble 
was stable. However, films made from the linear PE were thinner than the branched 
PEs (which showed strain hardening). The branched PEs were easy to process, but 
films could not be drawn to the extent the linear PE could be drawn. Thus, 
Koopmans concluded that a compromise must be made while choosing the proper 
PE for film blowing. Micic et al (29,34) and Fleissner (94) have reported similar 
observations. 
Mi.instedt et al (52,55) reported that long-chain branching is not the sole 
cause of strain hardening of PE. The authors (55) observed strain hardening in a 
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LLDPE melt which did not have long chain branching. Contrary to the LDPE, the 
strain hardening in the LLDPE was more pronounced at low strain rates. The authors 
attributed this behavior to the existence of a linear component of a relatively high 
molecular weight within the short-chain branched material, which gave rise to two 
separate phases in the melt. Hence, in elongational deformation of the LLD PE at low 
strain rates, two stress plateau were observed. At short times, the elongational 
behavior was dominated by properties of the matrix of comparable low molecular 
weight leading to short relaxation times. At longer times the deformation of the 
separated phase came into play resulting in a viscosity increase according to its high 
molecular weight, thus showing strain hardening at low strain rates. Linster and 
Meissner (26) have reported similar observations. In another study, Mtinstedt et al 
(52) noted that strain hardening increased due to the broadening of molecular weight 
distribution of the polymer. Minoshima and White (19) observed that PE with broad 
molecular weight distribution showed more unstable behavior and smaller elongation 
to break in elongational deformation than PE with narrow molecular weight 
distribution. Sebastian and Dearborn (20) observed increased strain hardening in a 
polypropylene sample by blending it with a thermoplastic elastomer. 
Strain hardening of HDPE (22) is similar to that of LLDPE (55), 1.e., it 
becomes more pronounced at lower strain rates unlike that of LDPE. Wagner et al 
(25) reported that the strain hardening behavior in HDPE could be accounted for by a 
tube diameter, which decreases affinely with the average stretch. Strain hardening in 
HDPE can be reduced by filling it with glass beads (22). The glass beads suppress 
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large deformation of polymer matrix chains around them. Strain hardening of HDPE 
and LLDPE becomes more pronounced with increasing temperature (26,30), whereas 
strain hardening of LDPE is suppressed at higher temperatures (30). 
Several researchers (20,24,29,30,34,58,59) have studied the elongational 
rheology of blends of various PEs. Micic et al (34) observed increased elongational 
viscosity and strain hardening of an LLDPE by blending it with small amounts of an 
LDPE. In another study, Micic et al (29) measured the transient elongational 
viscosity of an LLDPE and its blends with 10% and 20% of an LDPE at two 
temperatures. In addition, the perfonnance of the blends in the film blowing process 
was assessed in terms of bubble stability at two processing temperatures. The 
elongational viscosity measurements on the LLDPE-rich blends revealed stronger 
strain hardening characteristics at a higher temperature of testing. Also, the size of 
the operating window for stable bubble production increased with increasing 
extrusion temperature. Schlund and Utracki (58) observed that the blends of different 
LLDPE samples were miscible and their elongational properties could be predicted 
on the basis of molecular weight and molecular weight distribution. The blends of an 
LDPE and an LLDPE however, were not miscible and showed markedly different 
elongational properties than the LLDPE blends. Valenza et al (24) studied the 
elongational rheology of a linear HDPE, a branched LDPE, and their blends. LDPE 
showed significant strain hardening whereas, HDPE showed none. Their blends 
showed intermediate properties strongly dependent on the composition and the strain 
rate. 
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§2.3 ELONGATIONAL RHEOLOGY OF NYLON 
It is surprising that the literature on elongational rheology of nylons is very 
scarce considering that a significant portion of nylons produced (especially nylon-6 
and nylon-66) goes into fiber spinning, a process involving considerable elongational 
flow. It is extremely difficult to measure the elongational viscosity of nylons using 
the Meissner type device and similar techniques. High degree of crystallinity coupled 
with low viscosities of nylons typically used in the processing result in the sagging 
of melt in such techniques. 
One of the earliest attempts to estimate the elongational viscosity of a nylon-
6 was by Bankar et al (95). The authors used the approach of Kase and Matsuo (96) 
to calculate the elongational viscosity of a nylon-6 melt in a fiber spinning operation, 
which requires the knowledge of a net rheological force acting on the fiber, the 
diameter of the fiber, and the velocity gradient at a given position along the spinline. 
The calculated elongational viscosities were in the range of 105 - 106 Pa s, and the 
values increased with increasing strain rate in the range of 1-10 s- 1• Creasy and 
Advani (97,98) measured the transient elongational viscosities of polyethylene melt 
filled with 60% volume fraction nylon fibers. The authors found an increase in the 
transient elongational viscosities of PE melt with increasing nylon fiber content. 
La Mantia and Valenza (99) measured the rheological properties of LDPE-
nylon 6 blends both in shear and in non-isothermal elongational flow. The 
rheological properties did not vary linearly with the composition. Complete 
immiscibility in the molten state was indicated and the morphology of these blends 
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depended on the composition and the changes in the flow. In another study, La 
Mantia and coworkers (100) measured the elongational viscosities of blends of 
nylon-6 and a few aromatic liquid crystal polymers using Cogswell's analysis (62). 
The addition of 10% liquid crystalline polymer into the flexible nylon-6 resin 
strongly increased its elongational viscosity and made the blends resemble neat 
liquid crystalline polymers in their extensional flow behavior (100). Laun (101) 
reports the measurement of elongational viscosity of nylon-6 among various other 
polymers by a modified Rheotens apparatus, however no data are presented. 
Upadhyay and Kale (102) measured the rheological and mechanical 
properties of nylon-6 modified with up to 15% by wt. of synthetic sodium aluminum 
silicate (SAS). The authors found increased elongational viscosities of nylon-6 with 
increased fraction of SAS. Utracki and Sammut (103) studied the elongational flow 
properties of nylon-6, polypropylene, and their compatibilized blend, at 230°C. The 
tests were performed at constant deformation rates in a Rheometric's Extensional 
Rheometer (RER). In addition, an average elongational viscosity was calculated 
from the entrance pressure drop correction, Pe, using Cogswell's equation (62). 
Nylon-6 and polypropylene behaved as linear viscoelastic bodies, i.e. 1Je = 3170 ,i-hear 
The blend, however showed strain hardening and nonlinear viscoelastic behavior in 
elongational flow, i.e. 1'/e > 31Jo,shear· In previous research in this group (104,105), 
elongational viscosity of nylon-66 was measured using a lubricated converging flow 
through semi-hyperbolically convergent dies in a commercial capillary rheometer. 
29 
The authors found that Trouton ratios for the nylon-66 melt were two orders of 
magnitude higher than the theoretical value of 3 in the strain rate range of 1-100 s- 1• 
It can be concluded from Sections 2.2 and 2.3 that elongational viscosity of 
polymers is affected by the molecular characteristics of the resin and the processing 
conditions. The magnitude of the elongational viscosity strongly affects its 
processing behavior. It is the aim of this work to study the effect of molecular 
characteristics and processing conditions on the elongational rheology of polymer 
melts measured by semi-hyperbolically convergent dies. A set of PE resins and two 
sets of nylon-66 resin are studied in this work. As mentioned earlier, the theoretical 
background and the experimental details of the technique will be discussed in 
Chapter 3 and Chapter 4 respectively. The experimental results of the elongational 




for Data Acquisition 
§3.1 PREVIOUS RESEARCH 
In previous research in this group, Kim et al. (6) carried out a skin/core 
coextrusion of polymer melts on a laboratory-scale coextrusion system in a 
hyperbolically converging die and showed that essentially purely elongational flow 
exists at constant elongational strain rate in the core. A Brabender single-screw 
extruder and a Berstorff ZE 25 twin-screw extruder were used to supply the skin and 
core polymers, respectively. A low-density polyethylene (skin), and a Marlex 
polypropylene (core) were layered together after they were fed through separate gear 
pumps. The core/skin viscosity ratio of about 100 to 30 and a core/skin flow rate 
ratio of about 10 were maintained. The authors (6) modeled a series of skin/core 
flows: power-law rectangular channel shearing flow, Newtonian converging channel 
elongational flow, and power-law converging channel elongational flow. 
Experimental measurements using tracer particles and an image analysis confirmed 
the predicted behavior and demonstrated the ability to achieve a constant 
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elongational strain rate in the core layer. The constant value is controlled by the 
volumetric flow rate and die geometry in the confined flow. 
In attempting to develop a correction factor for skinless measurements, 
Collier et al. (8) discovered that the orienting effect of the melt dominated the flow 
so strongly that shearing gradients near the wall were insignificant and both skinless 
and lubricated polypropylene sample data fell on the same curves, thus eliminating 
the need for the lubrication to achieve an essentially purely elongational flow. 
Elongational strain rates up to 533 s-1 have been achieved using this method, which 
includes processing strain rates typically occurring in industry. 
§3.2 EQUATION FOR THE EFFECTIVE ELON GA TIONAL VISCOSITY 
The theoretical foundation for the analysis of elongational melt flow data was 
established previously in this group for the semi-hyperbolically converging die 
geometry (8). In order to help the reader gain a better understanding of the concepts 
underlying data acquisition, the theoretical development is sketched here. A 
complete and detailed analysis has been reported elsewhere (8). 
The semi-hyperbolically convergent die was designed for the melt or solution 
to maintain a constant elongational strain rate throughout the core. This is 
accomplished by designing the channel surface with the equation r2z = C, where z is 
the axial flow direction, r is the radius of the flow channel, and C is a constant. Four 
dies are used in this research having Hencky strains, f H , equal to 4, 5, 6, and 7. The 
Hencky strain is defined as the natural logarithm of the ratio of die entrance area to 
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exit area; therefore, cH = 4 corresponds to an area ratio of approximately 55, and 
cH = 7 to 1100. Figure 3.1 shows a schematic of a semi-hyperbolically convergent 
die. 
When the melt flows through the semi-hyperbolically convergent channel, it 
assumes the shape of the die surface; i.e., layers of the melt may be viewed as stream 
lines experiencing the same conditions. These streamlines can be described by the 
stream function, '¥, forming a two dimensional surface. The stream function is 
defined to satisfy the continuity equation, and in shear-free flows the potential 
function, <I>, can also be defined. Hence, 'P and <I> are mutually orthogonal and for 
shear-free flows <I> satisfies the irrotationality equation and for pressure driven flows 
describes a constant pressure surface. For the axisymmetric die geometry a 
cylindrical coordinate system seems most appropriate, for which the stream function 
is defined as: 
(3.1) 
and the potential function is given as: 
(3.2) 
The pressure P, is directly proportional to pi:<I> , where E is the elongational strain 
rate, and pis density. The velocity components in cylindrical coordinates are (8): 
1 aq, a<1> . 
V =---=--=t:z 
~ r a, az (3.3) 
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Figure 3.1 Schematic of a semi-hyperbolically convergent die. 
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1 d'I' a<I> t 
V =--=--=--r 
' r az ar 2 
(3.4) 
The non-zero velocity gradients are 
dv. . 1 a( rv, ) . dv, f 
-· =c ---=-£ -=--
dz ' r dr ' dr 2 
(3.5) 
The basic equations describing the flow are the equation of continuity (conservation 
of mass); conservation of energy expressed in terms of enthalpy per mass unit, H; 
conservation of momentum; and the irrotationality equation for potential flow. Mass, 
momentum and energy balances are conserved separately, as shown below. 
Mass balance: Dp = -p(v' · v) 
Dt - -
(3.6) 
Momentum balance: (3.7) 
A 
Energy balance: PDH =-{Y'.-q)+('.£:vv)+DP 
Dt - - Dt 
(3.8) 
where ! is the stress tensor, 9.. is the heat flux, .!:'. is the velocity vector, and '2. is an 
internal body force term. '2. can be viewed as the force per unit volume required to 
overcome the resistance towards developing the orientation imposed onto the melt by 
the converging shape of the die. As mentioned earlier, the semi-hyperbolic shape is 
one that provides a constant strain rate and constant resulting stress. The flow is 
therefore at constant acceleration as shown by the velocity gradient equations. This is 
not the case in shearing flow where a stress gradient acts in normal direction to the 
sheared surface and the stress tensor includes a shearing component gradient. 
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Because of the constant elongational strain rate and strong dominance of the 
orientation development, the flow through the semi-hyperbolically converging die is 
expected to be essentially purely elongational. The only significant non-zero 
components of the deformation rate tensor, ~, are the normal components. 
Besides what has been mentioned up to this point, the theoretical 
development is founded on the following assumptions: 
1. The stress state in the fluid is uniquely determined by the strain rate state. 
2. The die geometry, assuming negligible shearing gradients, dictates that the 
only significant non-zero deformation rate components are the normal 
components and these components are not a function of position; therefore, 
the only significant non-zero stress components are the normal components, 
and the stress components are not a function of position. Therefore, V · ! = 0. 
3. The fluid is incompressible; therefore, V · y = 0. 
4. The system is isothermal; therefore, V · q = 0. 
5. The inertial terms are negligible; therefore, .!:'. · V · .!:'. = 0 and ~_(v ½)= 0 
6. The flow is at steady state; therefore, i = 0. 
dt 
The constant elongational strain rate of the flow channel forces the axial and 
transverse normal components of the stress tensor, r::~ and Trr, to be constant. Their 
values depend on the strain rate. Experimental data (8) for these semi-hyperbolically 
convergent dies has proven that the body force term strongly dominates shearing 
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effects and thus causes the shear stress gradient to be negligible. This dominance 
along with the constant strain rate implies that the stress gradients in the momentum 
balance are negligible. Furthermore, this, coupled with the low Reynolds number 
implies that the inertial terms are also negligible. With the previous statement of 
pressure P being proportional to pi:<t>, the momentum balance reduces to the 
statement that the pressure gradient, VP, is equal to the body force term. 
Furthermore, since: 
v. = h (3.9) 
and 
(3.10) 
The energy balance can be integrated from the entrance to exit, and the stress 
component in cylindrical coordinates is 
(3.11) 
The elongational viscosity, 11e, in cylindrical coordinates 1s defined and m this 
geometry results as follows: 
T .. -T,, 
1Je = - . = 
3 T.. 
2 £ c 




The enthalpy term represents either a real or apparent phase change that may be 
induced by the imposed orientation on the polymer melt or solution. Therefore, an 




This definition of effective elongational viscosity assumes that any enthalpy change 
is included in this. The elongational strain rate is defined as 
(3.16) 
where EH is the Hencky strain as defined previously, Lis the centerline length of the 
die, and v0 is the initial velocity. 
The enthalpy change associated with the orientation development in the melt 
can be calculated as follows. Making the assumption that the non-Newtoni~n 
character of the melt in excess of that caused by the shear viscosity, 171 , at equal 
value of shear rate is due to the resistance towards orientation, the actual Trouton 
ratio would be 17)17, = 3. Hence, the elongational viscosity can be expressed in 
terms of a measured shear viscosity and combined with the above given expression 
for 17e to give: 
(3.17) 
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The entropy change, ,~.S , is an indicator as to what extent orientation develops. It 
can be determined using /:iG = MI -TtiS, where /:iG is the Gibbs free energy and T 
is the absolute temperature. Assuming that due to the orientation development the 
flow reaches a quasi or transient steady state equilibrium, then tiG = 0 and 







Five low-density polyethylene (LDPE), five high-density polyethylene 
(HDPE), fourteen blended nylon-66, and eleven solid state polymerized nylon-66 
samples having different molecular characteristics are studied in this research. 
Details of each sample set are given in the following two subsections. 
§4.1.1 Polyethylene Samples 
The weight average molecular weights, molecular weight distributions (i.e. 
polydispersity index or PI), densities, and melt indices of the PE samples are given in 
Table 4.1. The LDPE samples differ in the branching content and the catalysts used 
during the polymerization. LDPE samples A, B, and C are manufactured using 
metallocene catalyst and have a narrow molecular weight distribution (PI~2), 
whereas, samples C and D are conventional LDPEs having much broader molecular 
weight distribution (Pl>5). HDPE samples A, B, and C are blow molding grade 
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Table 4.1 Molecular characteristics of LDPE and HDPE samples. 
MW MWD 
MI Density GPC GPC 
Sample (g/10 min) (g/cm3) analyzed analyzed 
LDPE-A 1.2 0.9 97,550 2.22 
LDPE-B 7.5 0.9 56,950 1.99 
LDPE-C 2.2 0.895 83,350 2.24 
LDPE-D 2.3 0.919 86,650 6.85 
LDPE-E 2.0 0.923 80,350 5.15 
HDPE-A 0.3 0.943 105,200 9.74 
HDPE-B 0.3 0.95 125,400 8.09 
HDPE-C 0.3 0.954 125,700 13.0 
HDPE-D 0.1 0.949 183,200 14.77 
HDPE-E 0.1 0.949 154,100 12.63 
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copolymers and samples D and E are high molecular weight extrusion/blow molding 
copolymers 
§4.1.2 Nylon-66 Samples 
The blended nylon-66 samples differ in their relative viscosity values (8% 
solution using formic acid as a solvent), end group concentrations, and blend 
composition as shown in Table 4.2. Table 4.3 gives the relative viscosities of solid-
state polymerized nylon-66 samples. Samples SSP-1 through SSP-10 are obtained by 
solid state polymerizing the initial sample at increasing times. 
§4.2 INSTRUMENTS AND DATA ACQUISITION 
Elongational viscosity measurements are done using the Advanced Capillary 
Extrusion Rheometer (ACER) by Rheometric Scientific™. Measurement of complex 
viscosity, storage and loss moduli, and normal forces is done using Advanced 
Rheometric Expansion System (ARES) by Rheometric Scientific™. 
§4.2.1 Advanced Capillary Extrusion Rheometer (ACER) 
A schematic of the ACER is shown in Figure 4.1. Four semi-hyperbolically 
convergent dies of Hencky stains 4,5,6, and 7 are used to measure the elongational 
viscosity. The pellets of polymer sample are charged into the barrel and allowed to 
melt and attain the desired steady state temperature. The ACER records the 
equilibrium pressures at set strain rates via a pressure transducer located right above 
the entrance of the die. The current commercial software of the ACER does take into 
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Table 4.2 Molecular characteristics of blended nylon-66 samples. 
Sample Relative Carboxyl end Amine end Blend Moisture 
viscosity group group composition (%) 
(RV) concentration concentration 
(eq./106 g) (eq./106 g) A B C 
RV-1 43.04 87.07 44.14 0 0 100 0.134 
RV-2 45.56 83.50 46.00 40 0 60 0.176 
RV-3 47.21 77.80 47.52 60 0 40 0.145 
RV-4 50.22 67.00 48.43 100 0 0 0.108 
RV-5 55.27 65.50 45.24 90 10 0 0.097 
RV-6 60.81 63.10 42.82 80 20 0 0.084 
RV-7 61.96 62.80 40.50 70 30 0 0.148 
RV-8 67.59 59.70 38.16 60 40 0 0.124 
RV-9 77.26 57.70 35.44 50 50 0 0.094 
RV-10 84.02 55.50 32.64 40 60 0 0.093 
RV-11 93.28 52.90 29.20 30 70 0 0.085 
RV-12 105.45 50.40 25.78 20 80 0 0.071 
RV-13 120.00 48.70 22.91 10 90 0 0.060 
RV-14 130.48 46.10 20.65 0 100 0 0.076 
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-Ht-+-+-- Polymer melt or Solution 
Ht---+--t-- Capillary Die 
Figure 4.1 Schematic diagram of the Advanced Capillary Extrusion Rheometer 
(ACER). 
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account the unconventional shape of the semi-hyperbolically convergent dies. Thus, 
the elongational strain rate can be specified directly. The elongational strain rate £ 
and the ram velocity v0 are related as described in Eq. (3.16). The experiment is then 
performed by sweeping the chosen elongational strain rates until a steady state of 
pressure is accomplished, for each strain rate in tum. From the knowledge of the 
measured steady-state pressure, elongational strain rate, and Hencky strain, the 
steady-state effective elongational viscosity is calculated as 
(4.1) 
From a single charge of the barrel, one or more viscosity curves can be obtained. 
§4.2.2 Advanced Rheometric Expansion System (ARES) 
A simplified schematic of the ARES with parallel plate geometry is shown in 
Figure 4.2. Parallel plate geometry is used throughout the experiments. The lower 
plate of the rheometer is attached to a motor and the upper plate is attached to the 
torque and force transducers. The motor can rotate in both steady and oscillatory 
mode. ARES has two transducers with different torque ranges (but the same normal 
force range). During a test, the instrument can switch from the lower range 
transducer to the higher range transducer automatically, if needed. The rheometer 
plates are enclosed in a forced air convection oven, which is used to heat the sample. 
Mounted in the oven are two resistive heaters that are used to control the temperature 




Sensor plate ~ 
Sample --
Driven plate / 7T 
Figure 4.2 Simplified schematic of the Advanced Rheometric Expansion System 
(ARES). 
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tests. In addition, the temperature of the lower plate is controlled by a platinum 
resistive thermometer (PRT). Circular disks of polyethylene samples were prepared 





Results and Discussion 
§5.1 EFFECT OF MOLECULAR CHARACTERISTICS ON THE 
ELONGATIONAL RHEOLOGY OF POLYMERS 
In Chapter 4, the molecular characteristics of the polyethylene and nylon-66 
samples studied in this work were introduced. This section will discuss how these 
molecular parameters affect the elongational rheology measured using semi-
hyperbolically converging dies. The effect of the processing conditions on the 
elongational rheology will be discussed in the next section. 
§5.1.1 LDPE Samples 
For all PE samples, the effective elongational viscosity is measured at four 
temperatures namely, l 75°C, 200°C, 225°C, and 250°C; and at four Hencky strains 
4, 5, 6, and 7 for each temperature. Fig. 5.1 shows the effective elongational 
viscosities of different LDPE samples measured at l 75°C. Comparison of the 
metallocene catalyzed LLDPE samples (A, B, and C) shows that at similar molecular 
weight distribution, the effect of higher molecular weight is to increase the 
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Figure 5.1 Effective elongational viscosities of different LDPE samples at 175°C. 
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and a conventional LDPE (D) having similar molecular weights shows differences in 
the shape of the elongational viscosity curves due to changes in the molecular weight 
distribution (MWD). The onset of strain rate thinning is at a lower elongational strain 
rate for the LDPE having higher MWD. Hence, the metallocene catalyzed LLDPE 
samples exhibit significantly higher effective elongational viscosities in the given 
strain rate region than the conventional LDPE of a similar and higher molecular 
weight. However, if one tries to extrapolate the elongational viscosity curves to 
lower strain rates, it is possible that the conventional LDPE samples may exhibit 
higher effective elongational viscosities than the metallocene catalyzed LLDPE 
samples at lower strain rates. The effective elongational viscosity curves of two 
conventional LDPE samples having similar molecular weights and MWDs almost 
overlap each other. 
Figures 5.2 through 5.4 show similar observations at different Hencky strains 
and temperatures. In an attempt to obtain a quantitative relation between the 
elongational viscosity and molecular weight, the effective elongational viscosities of 
metallocene catalyzed LLDPE samples at 1 s· 1 are plotted against their weight 
average molecular weights. Figure 5.5 shows such plots at different Hencky strains 
and temperatures. It can be seen from these plots that the effective elongational 
viscosity follows a correlation r,,ff = k · M / , similar to the Mark-Hou wink equation 
observed for the zero-shear viscosity of polymers. The value of 'n' obtained from the 
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Figure 5.5 Correlation between the effective elongational viscosity measured at 
1 s·1 and molecular weight for metallocene catalyzed LLDPE 
samples. 
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obtained in Figure 5.5 vary from 1.9 to 3.3. The reason behind such a large range for 
n is that our elongational viscosity measurements are at high strain rates where 
polymers are not in linear viscoelastic deformation. Thus, n varies significantly 
depending on the imposed Hencky strain and temperature as can be seen in Figure 
5.5. In general, n increases and tends to reach the theoretical value of 3.4 with 
increasing temperature and decreasing Hencky strain, which makes sense given the 
fact that both actions would push the polymer closer to the linear viscoelastic region. 
Figures 5.1 through 5.4 also show an increase in the effective elongational 
viscosities of LDPE samples with increasing Hencky strain at a given temperature. 
Such an increase of elongational viscosity with increasing strain is called 'strain 
hardening' a phenomenon well documented m the literature 
(19,25,29,30,32,34,52,55-57,93) and discussed in Chapter 2. However, one should 
keep in mind that the strain hardening reported in the literature is a transient 
phenomenon observed in Meissner type devices. The strain hardening reported here 
is for the steady state behavior of polymer molecules in a converging elongational 
flow. The elongational flow in our technique is in a Eulerian steady state but not in a 
Lagrangian steady state, whereas, the elongational flow in Meissner type devices 
exhibits neither steady state. For easier interpretation of strain hardening observed in 
our technique, the data in Figures 5.1 through 5.4 is replotted as effective 
elongational viscosity at 1 s·1 vs. Hencky strain in Figure 5.6 for different LDPE 
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Figure 5.6 Strain hardening of LDPE samples at ts·1• 
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similar magnitudes in our measurements. There is not a considerable effect of 
temperature on the magnitude of strain hardening of these samples. 
§5.1.2 HDPE Samples 
Figures 5.7 through 5.10 show that in the case of HOPE samples, the effect of 
molecular weight is the same as that for the LDPE samples, however, the effect of 
molecular weight distribution is not that significant at least in the given strain rate 
region. Comparison of data in Figures 5.1 through 5.4 and Figures 5.7 through 5.10 
shows that in the given strain rate region, the metallocene catalyzed LLDPE samples 
have similar effective elongational viscosities to the HOPE samples with the latter 
having nearly double the molecular weight of the former. As mentioned earlier for 
LDPE samples, this is probably due to the earlier onset of strain rate thinning in 
HOPE samples due to their higher MWDs. The conventional LDPE samples show 
lower elongational viscosities than the HDPE samples due to their lower molecular 
weights. As can be seen from Figure 5.11, the HDPE samples also show strain 
hardening behavior similar to that of LDPE samples. Both LDPE and HDPE show 
larger increases in elongational viscosity while going from Hencky 5 to Hencky 6 
than while going from Hencky 4 to Hencky 5 and Hencky 6 to Hencky 7. 
§5.1.3 Nylon-66 Samples 
Effective elongational viscosities of the blended nylon-66 samples were 
measured at 270°C and a Hencky strain of five. Figure 5.12 shows the effective 
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Figure 5.12 Effective elongational viscosities of neat nylon-66 samples. 
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it appears that RV-1 has a higher elongational viscosity than RV-4 despite the latter 
having a higher relative viscosity; i.e., a higher molecular weight. However, the 
elongational viscosity results on the remaining samples show that there does not 
exist a smooth correlation between the effective elongational viscosity and the 
relative viscosity of these samples. These results are shown in Figure 5.13 for the 
blends ofRV-1 and RV-4, and in Figure 5.14 for the blends of RV-4 and RV-14. For 
easier interpretation, effective elongational viscosity values of the blended samples at 
a strain rate of 1 s- 1 are plotted against the blend composition in Figures 5.15 and 
5.16. In addition, the number average molecular weights of these samples were 
calculated using Kohan's formula (106) 
M = 2xl06 
" (CE+AE) 
(5.1) 
where, Mn is the number average molecular weight of the nylon-66 and CE and AE 
are the concentrations of the carboxyl and amine end groups in equivalents/106 g, 
respectively. The calculated molecular weights of blended nylon-66 samples are 
shown in Table 5.1. Effective elongational viscosities of the fourteen blended 
samples at 1 s- 1 are plotted against their number average molecular weights in Figure 
5.17. In general, the effective elongational viscosity of nylon-66 increases with 
increasing molecular weight; however, there is considerable deviation from a smooth 
curve. This is probably because the sample has to be kept in the rheometer barrel at 
270°C for about 30 minutes before the measurements could be started. Although, the 
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Figure 5.15 Effective elongational viscosity vs. blend composition for the blends 
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Figure 5.16 Effective elongational viscosity vs. blend composition for the blends 
of RV-4 and RV-14. 
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Table 5.1 Number average molecular weights of the blended nylon-66 samples. 
Sample Relative Carboxyl end Amine end Number 
Viscosity group group average 
(RV) concentration concentration molecular 
(eq./106 g) (eq./106 g) weight (Mn) 
RV-1 43.04 87.07 44.14 15243 
RV-2 45.56 83.50 46.00 15444 
RV-3 47.21 77.80 47.52 15959 
RV-4 50.22 67.00 48.43 17327 
RV-5 55.27 65.50 45.24 18060 
RV-6 60.81 63.10 42.82 18882 
RV-7 61.96 62.80 40.50 19361 
RV-8 67.59 59.70 38.16 20437 
RV-9 77.26 57.70 35.44 21473 
RV-10 84.02 55.50 32.64 22691 
RV-11 93.28 52.90 29.20 24361 
RV-12 105.45 50.40 25.78 26254 
RV-13 120.00 48.70 22.91 27929 
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Figure 5.17 Effective elongational viscosity vs. number average molecular 
weight for the blended samples. 
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this method does not ensure a complete moisture removal. Any small deviations in 
the moisture content may cause different extents of degradation when the sample is 
kept in the rheometer barrel at 270°C for a long period. It should be noted that each 
of the curves shown in Figures 5.12 through 5.17 is an average of at least two 
reproducible runs and that the reproducibility between the samples of the same 
material was good. It was first thought that the higher elongational viscosity of RV-1 
than RV-4 might be due to a different branching content or MWD of the two 
samples. Data on PE samples in previous sub-sections explain how these parameters 
affect our elongational viscosity measurements. To investigate this further, the 
complex viscosities and the normal forces of the neat samples were measured using 
the Advanced Rheometric Expansion System (ARES). Figure 5.18 shows the 
complex viscosities of neat samples at 270°C and 280°C. The normal force 
measurements at 0.5 s· 1 and 1 s· 1 are shown in Figure 5.19 for each of the two 
temperatures. Complex viscosities of RV-1 and RV-4 are almost the same; however, 
RV-1 exhibits much higher normal force than RV-4 at all temperatures and shear 
rates used. It is well known in the literature (37,107,108) that the presence of 
branches in the polymer causes a pronounced increase in the normal force measured 
in a rotational shear flow. There are several papers (19,32,36-38,52) reporting an 
increased elongational viscosity due to a higher degree of long-chain branching in 
polymers. Therefore, it is tempting to say that the higher effective elongational 
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Figure 5.18 Complex viscosities of RV-1, RV-4, and RV-14 measured in an 
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Figure 5.19 Normal force measurements of RV-1 and RV-4 in a transient 
rotational shear flow. 
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the experimental uncertainties explained in the previous paragraph prevent us from 
making such a conclusion. 
Effective elongational viscosities of the solid-state polymerized (SSP) 
samples were also measured at a Hencky strain of five and at 270°C. Figure 5.20 
shows the entire viscosity curves for the SSP samples. For these samples, the end 
group concentrations are not available. Hence, their molecular weights are estimated 
by using a correlation between the number average molecular weight and the relative 
viscosity, derived using the data on the blended samples. Figure 5.21 shows a plot of 
relative viscosity vs. number average molecular weight for samples RV-1 to RV-4. A 
similar plot for samples RV-4 to RV-14 is shown in Figure 5.22. It can be seen that 
samples RV-4 to RV-14 give a much better R2 value than the samples RV-1 to RV-4. 
As suspected earlier, RV-1 might have a higher degree of branching than RV-4, 
which might make the plot of molecular weight vs. relative viscosity for these 
samples more non-linear. Assuming that the solid-state polymerization process does 
not increase the branching content, it makes more sense to use the correlation 
obtained using the blends of RV-4 and RV-14 to calculate the number average 
molecular weights of the SSP samples. The number average molecular weights of 
SSP samples calculated as such are shown in Table 5.2. A plot of the effective 
elongational viscosities of SSP samples at 1 s- 1 vs. their molecular weight is shown 
in Figure 5.23. The elongational viscosity increases rapidly with increasing 
molecular weight at first but levels off at higher molecular weights, which might be 
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Figure 5.20 Effective elongational viscosities of the SSP samples. 
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Figure 5.21 Number average molecular weight vs. relative viscosity for the 
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Figure 5.22 Number average molecular weight vs. relative viscosity for the 
blends of RV-4 and RV-14. 
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Table 5.2 Number average molecular weights of the SSP samples. 
Sample RV Mn 
Initial 42.3 16179 
SSP-1 72.1 20826 
SSP-2 85.4 22900 
SSP-3 100.4 25239 
SSP-4 116.4 27734 
SSP-5 133.6 30416 
SSP-6 142.3 31773 
SSP-7 169.0 35936 
SSP-8 177.7 37293 
SSP-9 196.7 40256 
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Figure 5.23 Effective elongational viscosity vs. number average molecular 
weight for SSP samples. 
82 
being solid-state polymerized by moisture removal from the pellets. During the 
solid-state polymerization process, the water content at the surface may become 
lower than the water content in the core of the pellet causing a broadening of the 
MWD. 
§5.2 EFFECT OF PROCESSING CONDITIONS ON THE ELONGATIONAL 
RHEOLOGY OF POLYMERS 
Besides the molecular parameters discussed above, rheological properties can 
be altered by changing the processing conditions. The most important processing 
parameters that affect elongational viscosity of a polymer are temperature, strain, and 
strain rate. Effective elongational viscosity of polymer melts is found to increase 
with decreasing temperature and increasing Hencky strain. In the next two sub-
sections, quantitative relations are developed that allow us to shift the effective 
elongational viscosity at any temperature and Hencky strain to a reference 
temperature and a reference Hencky strain. 
§5.2.1 Temperature Shifting of Effective Elongational Viscosity 
§5.2.1.1 Theoretical Background 
The shifting of the shear viscosity versus shear rate taken at different 
temperatures to a master curve at a reference temperature can be done by using the 
so called method of reduced variables (109) and is accomplished by determining a 
shift factor, aT. The literature is abundant in presenting master curves for shear 
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viscosity and other properties like dynamic moduli and first normal stress difference. 
Bird et al (10) have summarized these results very well. In the following, the 
fundamentals of the temperature shifting of shear viscosity are presented. It will be 
shown that these fundamentals can also be applied for the temperature shifting of 
elongational viscosity. 
At very low shear rates, the shear viscosity of a polymer melt becomes 
independent of the shear rate. The polymer melt is said to be in Newtonian region 
and the constant value of viscosity is called 'zero shear viscosity'. If a zero shear 
viscosity can be obtained then the temperature shift factor, aT, can be measured 
directly by the ratio of viscosities in this region with respect to temperature (10), i.e. 
(5.2) 
where Tis the measurement temperature, To is the reference temperature to which 
the data is being shifted, A.-j(D is the relaxation time of the /h Rouse chain at T and 
A,j(T0 ) is the relaxation time of the /h Rouse chain at To, and p and p0 are the polymer 
melt densities at T and T0• It is further generally assumed for polymer melts that the 
density, p, at Tis equal to the density, Po, at To so that 
(5.3) 
Often, zero-shear viscosities of polymer melts cannot be measured directly using the 
commercial rheometers available as accurate measurements at very low shear rates 
are not possible. One then needs a rheological model to predict the zero-shear 
84 
viscosities of polymer melt from the experimental data available. Two such models 
are considered in this work; the Carreau model and the Cross model. The Carreau 
rheological model is given as 
(5.4) 
where, rJ"" is the infinite shear rate viscosity, A. is a time constant that is related to the 
A./s in Eq. (5.2), and 11 is the power law exponent. The Cross rheological model is 
given as 
rJ-rJ~ I 
'1/0 - '17~ = (1 + K(r ]'") 
(5.5) 
where Kand m have similar significance to that of A. and 11 in the Carreau model. 
Using the method of reduced variables a master curve is formed by plotting a 
reduced shear viscosity, rJ,., vs. the reduced shear rate, r,. Following definitions are 




Rearranging Eq. (5.3) and substituting into Eq. (5.7) gives 
(5.8) 
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The temperature dependence of aT is often assumed to be of Arrhenius type and is 
given as 
(5.9) 
where '1H is the activation energy of flow and R is the universal gas constant. 
The temperature shift factor, aT, is the ratio of the relaxation times of 
polymers at two temperatures. The relaxation time is a unique characteristic of the 
polymer at a given temperature and does not depend on the type of deformation. 
Hence, the dependence of relaxation time on temperature should be the same 
whether the polymer is in shear flow or elongational flow. Thus, the same 
temperature shift factors that are used to shift the shear viscosity can be used to shift 
the elongational viscosity. This fact was noted earlier by Milnstedt (50), who 
calculated the activation energies for both shear and elongational flow from the zero-
shear viscosity and the elongational viscosity at very low strain rates, respectively, 
and found that both values were identical. However, no master curves of 
elongational viscosity were created for the entire range of strain rates. Data on the 
temperature shifting of the effective elongational viscosities of the LDPE, HDPE, 
and nylon-66 samples is presented in the next two sub-sections. 
§5.2.1.2 Results on Polyethylene Samples 
A comparison of complex viscosities of LOPE-A at different temperatures is 
shown in Figure 5.24(a). The Carreau model is fitted to the complex viscosity vs. 
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Figure 5.24 Temperature shifting of complex viscosities of LDPE-A. 
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angular frequency data at each temperature and the results of the fitting are 
mentioned in the legend of Figure 5.24(a). Using the zero-shear viscosity thus 
obtained, a master curve of complex viscosity of LDPE-A is created and is shown in 
Figure 5.24(b). The Arrhenius plot of aT vs. 1/T is shown in Figure 5.24(c). From the 
slope of the linear fit, the activation energy of LDPE-A is calculated. Figure 5.25 
shows the effect of temperature on the effective elongational viscosities of LDPE-A 
measured at different Hencky strains. The temperature master curves constructed 
using the shift factors derived from the complex viscosity data are shown in Figure 
5.26. It can be seen that both complex viscosity and effective elongational viscosity 
yield good master curves. Shifting results for the remaining PE samples are shown in 
Figures 5.27 through 5.53. Shear and elongational viscosity data of all PE samples 
fell nicely on the respective master curves with the exception of data at 250°C for 
some LDPE samples. In general data at 250°C showed more deviation from the 
master curve than other temperatures for all samples. During complex viscosity 
measurements at 250°C, different PE samples degrade to different extents leading to 
inaccurate complex viscosities. This effect is more severe at lower frequencies, 
where inherently low torque values cause a high relative error in the viscosity 
measurement. The inaccuracies in the complex viscosity measurement are 
transferred to the zero-shear viscosity estimation and consequently to the shift factors 
and master curves thus created. 
The flow activation energies of all PE samples are summarized in Table 5.3. 
These are in the range of 4-14 Kcal/mo!, which is in good agreement with the 
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Figure 5.25 Effect of temperature on the effective elongational viscosities of 
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Figure 5.28 Effect of temperature on the effective elongational viscosities of 
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Figure 5.31 Effect of temperature on the effective elongational viscosities of 
LDPE-C at different Hencky strains. 
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Figure 5.33 Temperature shifting of complex viscosities of LDPE-D. 
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HDPE-E at different Hencky strains. 
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Table 5.3 Flow activation energies of LDPE and HDPE samples. 
MW, Activation 
Density, g/mol MWD energy 
Sample g/cm3 GPC Analyzed GPC Analyzed KcaVmol 
LDPE-A 0.9 97550 2.22 7.87 
LDPE-B 0.9 56950 1.99 7.49 
LDPE-C 0.895 83350 2.24 6.06 
LDPE-D 0.919 86650 6.85 10.37 
LDPE-E 0.923 80350 5.15 13.92 
HDPE-A 0.943 105200 9.74 7.43 
HDPE-B 0.95 125400 8.09 7.54 
HDPE-C 0.954 125700 13 6.96 
HDPE-D 0.949 183200 14.77 4.65 
HDPE-E 0.949 154100 12.63 4.88 
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literature data on PE (110-119). There is no correlation between the activation 
energy and molecular weight or molecular weight distribution. In fact, there is 
general agreement in the literature mentioned above that the activation energies of 
PE are independent of molecular weight and molecular weight distribution. Rather, 
the activation energies depend on the degree of branching and the length of the co-
monomer (e.g. butene, hexane, etc.) if present. The activation energies of 
metallocene catalyzed LOPE samples are lower than those of conventional LOPE 
samples. It is well known (37,39,119,120) that presence of long chain branches 
increases the flow activation energy of PE. Since metallocene catalyst is know to 
produce linear LOPE with less long chain branching than the conventional LOPE, 
the lower activation energies of metallocene catalyzed samples might be due to this 
fact. In general, the activation energies of HOPE samples are lower than those of 
LOPE samples, which agrees well with the literature data mentioned above. Lower 
activation energies of HOPE are also attributed to a lower degree of long chain 
branching generally found in HOPE. 
§5.2.1.3 Results on Nylon-66 Samples 
Effective elongational viscosities of neat nylon-66 samples RV-1, RV-4, and 
RV-14 were measured at three temperatures namely, 270°C, 280°C, and 290°C for 
each of the three Hencky strains five, six, and seven. The temperature range is much 
narrower than that for PE as nylon-66 samples degrade considerably when kept in 
the rheometer barrel at temperatures higher than 290°C for the duration of the test. 
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At Hencky strain of 4, the combination of large die-exit diameter (2.7 mm) and 
lower viscosities of nylon-66 samples resulted in the dripping of polymer melt 
making it impossible to accurately measure the elongational viscosity. 
Complex viscosity data on these samples showed a lot of scatter and the 
averaged curves did not yield a good fit of Carreau or Cross model. The elongational 
viscosity curves were more reproducible and yielded smoother curves. Hence, the 
elongational viscosity curves were used directly to find a zero-strain rate viscosity 
(analogous to a zero-shear viscosity), which was then used to calculate the 
temperature shift factors and master curves. From a scouting study it was found that 
the Cross model gives better fit to the effective elongational viscosity data than the 
Carreau model. Hence, the Cross model was used throughout for the analysis of 
nylon-66 samples. Figure 5.54(a) shows the Hencky 5 effective elongational 
viscosities of RV-1 at different temperatures along with the corresponding Cross 
model fits. Using the zero-stain rate viscosity, shift factors are calculated as 
explained earlier and are used to create a master curve at a reference temperature of 
200°C, which is shown in Figure 5.54(b). The Arrhenius plot of aT vs. Tis shown in 
Figure 5.54(c) from which an activation energy for flow of RV-1 at Hencky 5 is 
estimated. Temperature shifting of effective elongational viscosity of RV-1 at 
Hencky 6 and Hencky 7 is shown in Figure 5.55 and Figure 5.56, respectively. The 
results for RV-4 and RV-14 are shown in Figures 5.57 through 5.62. The activation 
energies calculated as such are summarized in Table 5.4. The values reported here 
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Figure 5.62 Temperature shifting of Hencky 7 effective elongational viscosities 
of RV-14. 
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Table 5.4 Flow activation energies of nylon-66 samples. 
Sample Relative Carb Amine Moisture Ml 
viscosity ends ends (%) (KcaVmol) 
(RV) (eq./106 g) (eq./106 g) H-5 H-6 H-7 
RV-1 43.04 87.07 44.14 0.134 30.40 25.76 51.21 
RV-4 50.22 67.00 48.43 0.108 29.55 44.44 35.05 
RV-14 130.48 46.10 20.65 0.076 48.32 45.19 53.23 
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activation energies of nylon-66 are four to five times higher than those of PE, which 
might be due to the higher crystallinity and the presence of hydrogen bonding in 
nylon-66. 
§5.2.2 Hencky Strain Shifting of Effective Elongational Viscosity 
The dependence of the effective elongational viscosity, 1/eff, on the Hencky 
strain, c H , is a result of the orientation developing in the polymeric fluid as it is 
being attenuated. The enthalpy change associated with the flow-induced 
transformation to what can be considered a metastable liquid crystalline form can be 
estimated as follows. The effective Trouton ratio, TR, is rJ,JJ /TJ., , where 1/s is the 
shear viscosity measured at the same temperature and at an equivalent magnitude 
shear rate. If the assumption is made that the non-Newtonian character of the fluid in 
excess of that reflected in 1/s is due to the resistance to orientation, then the actual 
Trouton ratio would be TJ,/TJ., = 3, where TJe is the expected or isotropic to isotropic 
state elongational viscosity. By measuring TJs then TJ, = 31],, and substituting 31Js into 
Eq. (3.15), the enthalpy per unit volume, pH, can be calculated from the resultant 
equation: 
(5.10) 
This implies that the term [ TJt:n· - 3 TJJ is a viscosity related measure of the orientation 
development due to this flow geometry and that the fluid does not remain in an 
isotropic state during flow; therefore, the term [ 1/etf" - 3 TJJ is the "orientational 
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contribution" to the effective elongational viscosity, i.e. the "orientational viscosity". 
The concept of "orientational viscosity" is important in understanding the Hencky 
strain shifting of effective elongational viscosity data. For a Newtonian viscous fluid 
rJe.tf = 31]5 , that is TR = 3, and no "orientational contribution" to the effective 
elongational viscosity occurs. For the polymer melts in this study TR is generally 
greater than 100 and therefore, the 1'/e.tr- 317s term is essentially equal to rJe.tf· 
Multiple sets of assumptions and resultant equations were considered for 
shifting the effective elongational viscosity but only the two presented in the 
following discussion fit the data well. Both of these fit it equally well for PE 
samples; however, for nylon-66 samples one method produced much better master 
curves than the other. Both methods involve the relaxation times for the polymer 
melts and solutions but involve different assumptions. 
§5.2.2.1 Hencky Strain Shift Factors Based on the Relaxation Time Ratio 
(Method 1) 
A definition of a Hencky strain shift factor, (aH)J, based upon an orientation 
ratio being equal to the relaxation ratio, could be approached by assuming 
normalized strain rate states and an appropriately corrected equivalent shear 
viscosity state as follows. The term tcH occurs in the derivation of the effective 
elongational viscosity, rJ~tr• and reoccurs in the enthalpy and entropy derivations 
(refer to Section 3.2). This term is assumed in this derivation to be a normalized 
elongational strain rate, i.e. a strain rate corrected for the effects of orientation 
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development in the polymer melt or solution. Therefore to be at equivalent 
normalized elongational strain rates: 
(5.11) 
and the shear viscosity at an equivalent shear strain rate (to the normalized 
elongational strain rate) is assumed to be adjusted also so that: 
(5.12) 
Defining (aH)i as 
(5.13) 
and substituting Eqs. (5.11) and (5.12) into Eq. (5.13) gives 
(5.14) 
Canceling terms in Eq. (5.14) gives 
(5.15) 
In elongational flow measurements using convergent dies, both the stress and 
the elongational strain rate are affected by the Hencky strain since a zero strain rate 
region in which a viscosity-independent strain rate occurs is not reached, and 
contrary to temperature shift factors, in this derivation the stress terms are assumed 
to be sensitive to the flow conditions, i.e. to the Hencky strain imposed. Therefore 
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the stress terms in this derivation should be divided by (aH)i since higher Hencky 




where ( ru)r and i, are the reduced stress terms and reduced elongational strain rate, 
respectively. The latter is defined in a similar manner to shift factors for temperature. 
The elongational viscosity is the difference between the axial and transverse stress 
terms divided by the strain rate; therefore, the reduced effective elongational 
viscosity should be 
(5.18) 
and this should be plotted versus the reduced elongational strain rate, t,, as given in 
Eq. (5.17). 
§5.2.2.2 Hencky Strain Shift Factors Based on the Orientational Viscosity Ratio 
(Method 2) 
A derivation of a Hencky strain shift factor, (aHh, based upon an 
"orientational viscosity ratio" is given in the following. An equation for the 
temperature shifting was derived from Rouse theory using the ratio of the relaxation 
times, AJ, for the measured state and the reference. In the Rouse theory it is shown 
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that A1 increases with viscosity and decreases with temperature. For Hencky strain 
effects, one can intuitively say that at higher Hencky strains polymer melt is in a 
more constrained geometry, which should increase its relaxation times, A1. Based 
upon this presumption, the Hencky strain shift factor, (aHh, is defined as the ratio of 
the "orientational viscosity" at the measured Hencky strain, at the reference strain 
rate, divided by the "orientational viscosity" at the reference Hencky strain and at the 
reference strain rate as shown in Eq. (5.19). The subscript "O" indicates the value of 
the variable at the reference state, e.g. the Hencky strain to which the data is being 
shifted, and the reference strain rate (usually the lowest for the data set, e.g. 1 or 2.5 
(5.19) 
Furthermore the ratio of the effective elongational viscosity at the measured 
elongational strain rate and the measured Hencky strain to the effective elongational 
viscosity at the measured strain rate and the reference Hencky strain are assumed in 
this development to be equal to the ratio of the relaxation time at the measured 
Hencky strain to the relaxation time at the reference Hencky strain. Although the 
relaxation times may be functions of the strain rate, it is assumed that the ratio of 
relaxation times is not. The reduced effective elongational viscosity can be defined 
similarly as the reduced shear viscosity with respect to temperature as 
(5.20) 
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Canceling the €0 term m the numerator and denominator of Eq. (5.20) and 
substituting Eq. (5.19) into Eq. (5.20) and solving for the shifted value of the 
effective elongational viscosity at the reference Hencky strain gives 
This is plotted against the reduced strain rate similarly to Eq. (5.17), i.e. 
(E,)2 = (aH)zE 
§5.2.2.3 Results on Polyethylene Samples 
(5.21) 
(5.22) 
Figure 5.63 shows the effect of Hencky strain on the effective elongational 
viscosities of LDPE-A at different temperatures. At each temperature, the effective 
elongational viscosity of LDPE-A is shifted to a master curve at a reference Hencky 
strain of 5 using Method 1 of shifting. These master curves are shown in Figure 5.64. 
Figure 5.65 shows the master curves for LDPE-A created using Method 2. Results of 
Hencky strain shifting of the remaining PE samples are shown in Figures 5.66 
through 5.92. From visual inspection, it seems that both methods fit the data equally 
well for all PE samples with the exception of LDPE-B, for which Method 1 gives 
poor results. For a quantitative comparison of how well the two techniques fit the 
data, the resultant master curves from each technique were fitted with a second-order 
polynomial and the coefficient of determination (R2) value was noted for each case 
as shown in Table 5.5. Except for LDPE-B for which Method 1 gave poorer R2 
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Figure 5.63 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.64 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.65 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.66 Effect of Hencky stain on the effective elongational viscosities of 
LDPE-B at different temperatures. 
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Figure 5.67 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.68 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.69 Effect of Hencky stain on the effective elongational viscosities of 
LDPE-C at different temperatures. 
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Figure 5.70 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.71 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.72 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5. 73 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.74 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.75 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.76 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.77 Hencky strain master curves of the effective elongational viscosities 
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Figure 5. 78 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.79 Hencky strain master curves of the effective elongational viscosities 
of HOPE-A created using Method 1. 
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Figure 5.80 Hencky strain master curves of the effective elongational viscosities 





















• Hencky 7 
■ • Hencky 6 
■ ... Hencky 5 





Strain rate, s·' 
(a) l 75°C 
• 
• . ... 
• . . ,, 
• ' ■ ,. • . . • ,. . ,. .. • . ,. 
• • • . • ' • ... ... 
10' 


















































• Hencky 7 
• Hencky 6 . ... Hencky 5 
• . . ,, Hencky4 
• ' . • . ,. • . ,. ,. .. .. 
■ ...... , . ,. • • ..,. ... 
10' 







• ... . ,, 
• • ■ 
• ' . • • ,. • . ,. ,. .. . . ■ 
•,. • . • ' ,. • .. ,. ... 
10' 







Figure 5.81 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.82 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.83 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.84 Effect of Hencky stain on the effective elongational viscosities of 














































• Hencky 7 - • Hencky 6 .. _ " Hencky 5 
""-t-.. "' Hencky 4 ... ,,. 
·) 
0 
.. ,. . . . . 
10' 102 
Reduced strain rate, s·1 
(a) 175°C 
• Hencky 7 
.... • Hencky 6 
.'. " Hencky 5 
"' Hencky 4 ~ .... ~,. 
I 'Ho= 5 I ·,. . . . . 
10' 102 


























• Hencky 7 .... • Hencky 6 .. , " Hencky 5 
~ ....... "' Hencky 4 
"-... -~ 
0 
., . . . . . 
.. , 
10' 102 103 
Reduced strain rate, s·1 
(b) 200°C 
• Hencky7 ... • Hencky6 
"-"t. " Hencky 5 
~~ "' Hencky4 ... .. 
'· 0 . . . . 
10' 
Reduced strain rate, s·1 
(d) 250°C 
Figure 5.85 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.86 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.87 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.88 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.89 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.90 Effect of Hencky stain on the effective elongational viscosities of 
HDPE-E at different temperatures. 
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Figure 5.91 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.92 Hencky strain master curves of the effective elongational viscosities 
of HDPE-E created using Method 2. 
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Table 5.5 Coefficient of determination (R2) values for the polynomial fit of the 
Hencky strain master curves of the effective elongational viscosities 
of PE samples. 
Coefficient of determination, R2, at temperature 
115°c 200°c 225°c 250°c 
Sample Ml M2 Ml M2 Ml M2 Ml M2 
LDPEA 0.9936 0.9840 0.9945 0.9855 0.9848 0.9672 0.9947 0.9831 
LDPEB 0.9816 0.9805 0.9694 0.9896 0.9444 0.9890 0.9308 0.9935 
LDPEC 0.9978 0.9875 0.9962 0.9805 0.9917 0.9786 0.9846 0.9820 
LDPED 0.9981 0.9971 0.9943 0.9961 0.9950 0.9956 0.9904 0.9966 
LDPEE 0.9985 0.9948 0.9983 0.9923 0.9957 0.9910 0.9982 0.9904 
HDPEA 0.9910 0.9894 0.9961 0.9895 0.9980 0.9877 0.9977 0.9922 
HDPEB 0.9914 0.9970 0.9933 0.9962 0.9922 0.9935 0.9969 0.9925 
HDPEC 0.9921 0.9962 0.9950 0.9966 0.9949 0.9969 0.9928 0.9934 
HDPED 0.9846 0.9931 0.9878 0.9950 0.9902 0.9959 0.9964 0.9958 
HDPEE 0.9913 0.9951 0.9948 0.9967 0.9965 0.9964 0.9991 0.9962 
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method indicating that good master curves can be created using both methods for PE 
samples. 
If the two Hencky strain shift factors given in Eqs. (5.15) and (5.19) are 
compared it should be noted that ratios of the "orientational viscosity" at the 
measured condition to that at the reference condition and the shift factors are all 
closely related to the corresponding Hencky strain ratio. This can be shown by 
equating the reduced effective elongational viscosity as given in Eqs. (5.18) and 
(5.13): 
(5.23) 
By canceling the effective elongational viscosity at EH on the latter two sides of Eq. 
(5.23) and rearranging, we get 
(5.24) 
Substituting Eq. (5.24) back into Eq. (5.23) shows that the shifted or reduced 
effective elongational viscosity in both methods is equivalent. Therefore the only 
difference between the two approaches is the reduced elongational strain rate, i.e. the 
product of the appropriate shift factor and the measured elongational strain rate as 
given in Eqs. (5.17) and (5.22). It is further noted that in most of the data the ratio of 
the measured effective elongational viscosity to the reference effective elongational 
viscosity is very close to the cube of the ratio of the measured Hencky strain to the 
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reference Hencky strain. Therefore assuming TR>>3 and using the following 
equations 
(5.25) 
it can be seen that the only difference between the two shifting approaches is 
approximately the ratio of the Hencky strains as it appears in the reduced strain rate 
term. The (aHh shifting approach apparently fits slightly better over the lower strain 
rate region and (aH)i shift factor fits better over a higher strain rate region. 
§5.2.2.4 Results on Nylon-66 Samples 
Effective elongational viscosities of neat nylon-66 samples RV-1, RV-4, and 
RV-14 were measured at three Hencky strains, namely, five, six, and seven for each 
of the three temperatures 270°C, 280°C, and 290°C. Figures 5.93 through 5.101 
show the results of Hencky strain shifting of the effective elongational viscosity data 
of these samples using both methods described earlier. Contrary to the PE samples, 
nylon-66 samples showed a strong preference to the second method of Hencky strain 
shifting in creating good master curves. The difference between the two methods is 
quite sharp. 
It was noted in the previous sub-section that for PE samples, the first shifting 
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Figure 5.93 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.94 Hencky strain master curves of the effective elongational viscosities 
of RV-1 created using Method 1. 
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Figure 5.95 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.96 Effect of Hencky stain on the effective elongational viscosities of 
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Figure 5.97 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.98 Hencky strain master curves of the effective elongational viscosities 
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Figure 5.99 Effect of Hencky stain on the effective elongational viscosities of 
RV-14 at different temperatures. 
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Figure 5.100 Hencky strain master curves of the effective elongational 






















.... • Hencky 7 • Hencky 6 •·•·• ••,w. ... Hencky 5 -. ..... 
·-. .•. .. . .. 
I EHO = s 1 . . 
10' 102 103 

















••• ... .. . 
....... . .... 
••••• . . 
• Hencky7 
• Hencky6 
.a. Hencky 5 
. .. . . 
•• 





-Ol C: 0 
aj 10• 
g? 
I EHO = 61 








10' 102 103 
Reduced strain rate, s·' 
(c) 290°C 
Figure 5.101 Hencky strain master curves of the effective elongational 
viscosities of RV-14 created using Method 2. 
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better at lower strain rate region. This is more clearly seen in the results of nylon-66 
samples for which the effective elongational viscosities showed a Newtonian plateau 
at a higher strain rate than PE samples. This effectively means that for nylon-66 
more data is available in the so-called low strain rate region. At lower strain rates, 
the sensitivity of the effective elongational viscosity to Hencky strain is higher which 
results in shift factors being farther away from unity on either side of reference 
Hencky strain. This effect gets magnified as reduced effective elongational viscosity 
in Method 1 is calculated using the square of the shift factor. Thus, it can be 
concluded that Method 1 would fit the data well if the available effective 
elongational viscosity curves are power-law type (i.e. parallel to each other on log-
log scale) and not when the viscosities show a Newtonian plateau or a trend towards 
one. 
§5.2.3 Simultaneous Temperature and Hencky Strain Shifting of Effective 
Elongational Viscosity 
General master curves for the effective elongational viscosity can be obtained 
by simultaneously shifting the individual viscosity curves at each temperature and 
Hencky strain to a reference temperature and Hencky strain. The reduced variables 
are defined as follows for Method 1 and Method 2, respectively. 
1'/,ff To 1 
((11 ,,,.) ) 1 =----, and (f,) 1 =aT(aH)1£ 
'le11 '111 T ( )~ 




The general master curves for PE samples created using both methods are shown in 
Figures 5 .102 through 5 .111. The reference temperature for PE is taken as 200°C and 
the reference Hencky strain is five. For nylon-66 samples, only Method 2 produced 
good master curves for Hencky strain shifting as discussed earlier. Hence, only one 
general master curve exists for each of these samples. These are shown in Figures 
5.112 through 5.114. The reference temperature for nylon-66 samples is 280°C and 
the reference Hencky strain is six. The coefficient of determination (R2) values are 
shown in Table 5.6 for all samples. The R2 values are 0.96 or higher (with the 
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Figure 5.102 General master curves created by simultaneous temperature and 
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Figure 5.103 General master curves created by simultaneous temperature and 
Hencky strain shifting of effective elongational viscosities of 
LDPE-B. 
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Figure 5.104 General master curves created by simultaneous temperature and 
Hencky strain shifting of effective elongational viscosities of 
LDPE-C. 
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Figure 5.105 General master curves created by simultaneous temperature and 
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Figure 5.106 General master curves created by simultaneous temperature and 
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Figure 5.107 General master curves created by simultaneous temperature and 
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Figure 5.108 General master curves created by simultaneous temperature and 
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Figure 5.109 General master curves created by simultaneous temperature and 
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Figure 5.110 General master curves created by simultaneous temperature and 
Hencky strain shifting of effective elongational viscosities of 
HDPE-D. 
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Figure 5.111 General master curves created by simultaneous temperature and 





























Q) 10"1 a: 
T0 = 280°C 
EHO = 6 
R2 = 0.9882 
100 10 1 102 103 
Reduced strain rate, s-1 
104 
Figure 5.112 General master curve created by simultaneous temperature and 
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Figure 5.113 General master curve created by simultaneous temperature and 
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Figure 5.114 General master curve created by simultaneous temperature and 
Hencky strain shifting of effective elongational viscosities of 
RV-14. 
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Table 5.6 Coefficient of determination (R2) for simultaneous temperature and 
Hencky strain shifting of the effective elongational viscosities of PE 
and nylon-66 samples. 
Sample R2, Method 1 R2, Method 2 
LDPE-A 0.9928 0.9818 
LDPE-B 0.9351 0.9775 
LDPE-C 0.9786 0.9751 
LDPE-D 0.9857 0.9904 
LDPE-E 0.9962 0.9924 
HDPE-A 0.9945 0.9943 
HDPE-B 0.9910 0.9945 
HDPE-C 0.9929 0.9946 
HDPE-D 0.9874 0.9931 
HDPE-E 0.9928 0.9942 
RV-1 NA 0.9882 
RV-4 NA 0.9599 






Elongational rheology of polyethylene and nylon-66 melts is measured by a 
new technique involving converging flow through semi-hyperbolically convergent 
dies. The semi-hyperbolic shape of the die enables a constant elongational strain rate 
throughout the die. The viscosity obtained using a semi-hyperbolically convergent 
die is an apparent or effective elongational viscosity rather than true elongational 
viscosity since it is dominated by the influence of the body forces in the polymer 
melt and solution that must be overcome to develop the orientation during this 
converging flow. Furthermore, the polymer melt or solution goes from a real 
isotropic to an oriented state in the die rather than from an isotropic to isotropic state. 
This effective elongational viscosity is therefore related to the orientabi Iity or the 
resistance to orientation development in polymer melts and solutions. 
Polymer samples characterized in this work include five low-density 
polyethylenes (LDPE), five high-density polyethylenes (HDPE), fourteen blended 
nylon-66 and eleven solid-state polymerized nylon-66 samples. The effective 
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elongational viscosity of a polymer melt is considerably affected by its molecular 
characteristics and processing conditions. In general, increasing the molecular weight 
increased the effective elongational viscosities of PE samples. Out of the ten PE 
samples, only three samples had similar molecular weight distributions (MWD) but 
different molecular weights. A plot of effective elongational viscosity vs. molecular 
weight of these samples yielded a correlation given as 1],JJ = k · M w", which is 
similar to that observed for the shear viscosity. The exponent 'n' varies from 1.9 to 
3.3 depending on the temperature and the imposed Hencky strain. By increasing the 
temperature or decreasing the Hencky strain, the polymer melt is pushed closer to the 
linear viscoelastic region and hence the value of n increases and tends towards the 
theoretical value of 3.4 observed for the shear viscosity. A correlation between 
molecular weight and effective elongational viscosity was not possible for the other 
PE samples as they varied in both molecular weight and MWD simultaneously. 
MWD may also have a pronounced effect on the effective elongational 
viscosities, which depended on the strain rate region of measurement. In some series, 
higher MWD apparently induced strain rate thinning in polymer melts at a lower 
strain rate region. Since measurements were done in the higher strain rate region, the 
PE with a broad MWD showed lower effective elongational viscosities than the PE 
with a narrow MWD. For HDPE samples, the MWD were so high that viscosity 
curves were in the strain rate thinning region for the entire range of strain rates 
measured. The viscosities of these samples showed sensitivity to molecular weights 
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but not to the MWD. However, it should be noted that the narrow MWD samples, 
which showed contrary behavior to this, were metallocene catalyzed samples. Hence, 
it is possible that the short-chain branching in metallocene catalyzed samples vs. 
long chain branching in other samples may have caused this effect. It was noted that 
the viscosities of HOPE samples were equal in magnitude to the metallocene 
catalyzed LOPE samples having much lower molecular weights and MWD than 
HOPE samples in the strain rate range encountered. The viscosities of conventional 
LOPE samples were lower than these two. 
Effective elongational viscosities of nylon-66 samples showed onset of strain 
rate thinning at higher strain rates than the PE samples. Also the viscosity values 
were about an order of magnitude lower than those of PE samples, which is mainly 
due to the lower molecular weights of nylon-66 samples. It is suspected from the 
normal force measurements of neat samples in transient shear flow that sample RV-1 
might have a higher degree of branching than RV-4, which might be the reason for 
its higher effective elongational viscosity than sample RV-4 despite the latter having 
a higher molecular weight. However, the uncertainties in the experimental results 
due to the different moisture contents of these samples prevent us from making a 
strong conclusion. Nonetheless, the effective elongational viscosities of nylon-66 
also increased with molecular weight in general. The effective elongational 
viscosities of solid-state polymerized (SSP) samples showed a steeper increase with 
molecular weight at lower molecular weights but leveled off at higher molecular 
weights. There might be a change in the molecular weight distributions of these 
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samples as they are being solid-state polymerized by moisture removal from the 
pellets, which might be affecting their elongational viscosities as observed. During 
the solid-state polymerization process, water content at the surface may become 
lower than the water content in the core of the pellet causing a broadening of the 
MWD. 
Besides the molecular characteristics mentioned above, the effective 
elongational viscosities of polymer melts are affected considerably by the processing 
conditions namely, temperature, Hencky strain, and strain rate. All polymer samples 
showed strain rate thinning of the effective elongational viscosity in the strain rate 
range measured. However, the onset of strain rate thinning depended on the 
molecular parameters of the polymer. A systematic increase in the effective 
elongational viscosities of polymers occurs when the Hencky strain is increased and 
the temperature is decreased. The temperature shifting of the effective elongational 
viscosity was achieved using the shift factors obtained from the zero-shear viscosity 
of polymer melts. The temperature shift factors showed an expected Arrhenius type 
dependence on temperature. The difference in the flow activation energies of 
metallocene catalyzed LDPE, conventional LDPE, and HDPE samples is believed to 
be due to the different degrees of long-chain branching in these samples, however, 
no data is available on the branching contents in these samples. The activation 
energies of nylon-66 samples were four to five times higher than those of PE 
samples, which might be due to the higher degree of crystallinity and the presence of 
hydrogen bonding in nylons. 
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Two methods were developed for the Hencky strain shifting of effective 
elongational viscosities. In the first approach, the shift factor is defined as the ratio of 
relaxation times, which depend on the entropies of orientation, which in tum are 
functions of the Trouton ratio and the Hencky strains. The second approach is 
intuitively similar to the temperature shifting of the effective elongational viscosity 
and uses the ratio of the "orientational viscosity" at the Hencky strains in 
consideration. The "orientational viscosity" given as (TJ,ff - 31'7,) is the orientational 
contribution to the effective elongational viscosity. It was found that the first 
approach of Hencky strain shifting works well if the viscosity curves are of power-
law type. If the viscosity curves show a Newtonian plateau or a trend towards one, 
the first method fails to produce good master curves for Hencky strain shifting of 
effective elongational viscosities. Thus, both methods worked well for PE samples, 
whereas only the second method worked well for nylon-66 samples as the data on 
these samples showed a trend towards Newtonian behavior. By combining the shift 
factors obtained in the individual temperature and Hencky strain shifting, effective 
elongational viscosities of both PE and nylon-66 samples could be simultaneously 
shifted with respect to both temperature and Hencky strain to create general master 
curves. Thus, equations are available to calculate the effective elongational 
viscosities of each polymer type as a function of temperature and Hencky strain. 
Such a study would be very useful in the modeling and control of processes such as 
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fiber spinning and melt blowing, which involve a substantial amount of elongational 
flow. 
§6.2 FUTURE WORK 
Compared to shear rheology, the field of elongational rheology is still m a 
developing stage. Different techniques of elongational viscosity measurements yield 
different results, sometimes differing by orders of magnitude (84). In the future, 
effective elongational viscosities measured using our technique should be compared 
with the data from other techniques especially converging flow techniques. 
Comparison should be done by performing measurements at multiple temperatures 
and Hencky strains. Since higher degrees of orientation can be imposed when the 
polymer melt or solution is forced to contract in the semi-hyperbolic shape (either by 
the geometry or by mass balance in free surface flow) the body forces that must be 
overcome, and therefore the effective elongational viscosity, is a maximum with 
regard to shape. If a convergent flow is allowed to occur due to geometric 
consideration, that is less severe than semi-hyperbolic, e.g. a linearly convergent 
geometry, then vorticity and internal recirculation can more readily occur and not 
force the molecules to develop as much orientation. Thus, it may not be surprising if 
the effective elongational viscosities measured by semi-hyperbolically convergent 
dies are found to be higher than those measured using other techniques. 
The temperature and Hencky strain shifting of effective elongational 
viscosity could be useful in the modeling and control of fiber spinning and melt 
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blowing processes. In both operations, the polymer melt is forced to attenuate along 
the flow direction either by high speed drawing (fiber spinning) or by air flow (melt 
blowing). In either case, the resulting shape of the stretched polymer melt should be 
close to being semi-hyperbolic. As one moves along the flow direction, the polymer 
is being cooled and stretched, i.e. there is a simultaneous change in the temperature 
and Hencky strain. Shift factors developed in this work would be useful in estimating 
changes in the elongational viscosities of polymer melts along the flow direction in 
these processes. 
Our technique allows measurement of either shear or elongational rheology 
just by changing the shape of the die, which opens up a possibility of developing an 
on-line sensor to control both shear and elongational rheology simultaneously, 
thereby producing final polymer products with desired mechanical properties. Work 
in this regard has been initiated in this group and currently the focus is on controlling 
the properties of the fibers in the melt blowing process by developing such an on-line 
sensor. 
Currently, effective elongational viscosity measurements are performed at 
Hencky strains ranging from 4 to 7. It would be of practical interest to increase this 
strain range on either side. For an inlet diameter of 20 mm, the exit diameter of 
Hencky 4 die is 2.7 mm. This large value of outlet diameter makes the elongational 
viscosity measurements on low viscosity polymers extremely difficult (due to 
gravitation effects) except at very high strain rates. Lowering the Hencky strain 
would make the problem more severe. This problem may be solved by decreasing 
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the inlet diameter of the semi-hyperbolically convergent die and by making required 
arrangements to fit the new die in the barrel of the ACER or other rheometer. 
Making dies with higher Hencky strain is however, more difficult. For the current 
Hencky 7 die, the outlet diameter is 0.6 mm, which is near the limit of the 
electrodischarge machining technique used in the manufacture of these dies. 
Therefore, it may be necessary to use a different manufacturing technique to produce 
dies with higher Hencky strains. Currently, a trepanning laser machining technique is 
being explored. 
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